Highly oriented lead zirconate titanate (PZT) films were fabricated on a platinized silicon substrate using a combination of sol-gel and radio frequency (RF) magnetron sputtering deposition methods. A sol-gel derived PZT layer highly oriented to the (100) plane was deposited as a seed layer, and PZT with the same composition then was deposited on the seed layer by RF-magnetron sputtering. The film deposited on the seed layer showed a strong (100) preferred orientation, while the film deposited without the seed layer showed a (111) preferred orientation. Furthermore, a thick PZT film of up to 4 m was able to be deposited without cracks by using the seed layer. The piezoelectric property of the (100) oriented film was much better than that of the (111) oriented film.
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I. INTRODUCTION
Lead zirconate titanate (PZT) films have attracted much attention for their potential applications in microelectromechanical systems (MEMS) as well as in nonvolatile ferroelectric random access memories (FeRAM) due to their excellent ferroelectric and piezoelectric properties. The strong piezoelectric response of PZT films makes electromechanical sensing and actuation possible. For actual MEMS applications, relatively thick PZT films with high piezoelectric properties are required. 1, 2 According to theoretical calculations, 3, 4 the piezoelectric properties of the (100) oriented rhombohedral PZT film near the morphotropic phase boundary (MPB) are superior to those of the (111) oriented film. Park et al. 5 also reported that the piezoelectric properties of the (100) oriented rhombohedral single crystal near the MPB were superior to those of the (111) oriented rhombohedral single crystal. Therefore, the (100) oriented rhombohedral phase is expected to have excellent piezoelectric properties.
Because it generally is difficult to control the orientation of the film in a reproducible manner when using a sputtering procedure, the sol-gel method is adopted to control the orientation of the film. The sol-gel method has the advantage of allowing the crystallographic orientation to be controlled reproducibly, 6 but there is also a risk of contamination and the generation of interfaces among the layers due to the repeated deposition required to fabricate thick films. When employing a seed layer to control the orientation, differences in the compositions of the seed layer and that of the PZT film could cause additional problems such as electrical degadations. 7 In this study, PZT thick films with high quality and a strong (100) preferred orientation were fabricated using a combination of the sol-gel procedure and sputtering techniques. The sol-gel and sputtering methods, which were used to control the texture and to deposit the film homogeneously, respectively, were combined to make thick films without any compositional differences between them. In other words, thick PZT films were deposited by RF-magnetron sputtering on a Pt(111)/Ti/SiO 2 /Si substrate over a seed layer formed by the sol-gel procedure.
II. EXPERIMENTAL PROCEDURE
The seed layer was derived from the poly (vinyl pyridine) (PVP) modified sol-gel method. 8, 9 Lead nitrate (Pb(NO 3 ) 2 ), zirconium propoxide (Zr(OC 3 H 7 ) 4 , and titanium isopropoxide (Ti[OCH(CH 3 ) 2 ] 4 ) as precursors were dissolved in 2-methoxyethanol (CH 3 OCH 2 CH 2 OH). Acetylacetone (CH 3 COCH 2 COCH 3 ) was added to the solution as a chelating agent. Finally, polyvinylpyrrolidon (PVP) was dissolved in the solution to control the orientation more effectively. 8 The composition of the stock solution was Pb 1.1 (Zr 0.6 Ti 0.4 )O 3 . After spin coating at 3,000 rpm for 60 s, the layer was pyrolyzed at 300°C for 90 s and annealed at 700°C for 10 min in air.
On this seed layer, PZT films of various thicknesses were deposited by the radio frequency (RF)-magnetron sputtering procedure. A single oxide target was prepared by the conventional mixed oxide method with a composition of Pb 1.1 (Zr 0.6 Ti 0.4 )O 3 . Table I shows the deposition conditions. During the sputtering process, the substrate was not heated; however, the substrate temperature was increased gradually up to 140°C by ion bombardment effect. Annealing was conducted at 650°C for 15 min in air with a heating rate of about 60°C/min. For the purpose of comparison, PZT film was sputtered on the platinized Si substrate without the seed layer using the same condition.
X-ray diffraction (XRD) was used to monitor the orientation of the films. The compositions of the asdeposited films and the target were analyzed by x-ray fluorescence spectroscopy (XRF) and electron probe microanalysis (EPMA). The microstructures and thicknesses of the films were determined by field emission scanning electron microscopy (SEM). The electrical properties were evaluated by measuring their polarization-electric (P-E) hysteresis loops and piezoelectric coefficients. The pneumatic load method (PLM) 10 was used to determine the effective piezoelectric coefficients of the films.
III. RESULTS AND DISCUSSION
The crystallographic direction of the films was analyzed based on their XRD patterns, as shown in Fig. 1 . The XRD pattern of the seed layer indicates that the layer is almost perfectly oriented to the (100) plane, as shown Fig. 1(a) . When the PZT film was deposited on the seed layer, the orientation of the film was strongly aligned to the (100) plane as shown in Fig. 1(b) . On the other hand, the PZT film sputtered directly onto the substrate showed a (111) preferred orientation, as shown in Fig. 1(c) . The effectiveness of the seed layer to control the orientation of the PZT film is well illustrated. Similar results were reported previously by Wang et al., 11 in which they used the sol-gel derived seed layer for the orientation control of pulsed laser deposition (PLD).
The micrographs in Fig. 2 show cross-sectional images of the seed layer and PZT layers. The seed layer had a thickness of about 0.2 m, as shown in Fig. 2(a) . After RF sputtering on the seed layer for 1 and 3 h, PZT layers with a thickness of about 1.4 m and 4 m were formed, as shown in Figs. 2(b) and 2(c), respectively. These layers had a columnar structure without any cracks. The grain size of the film increased gradually with increasing film thickness. On the other hand, when the PZT was deposited directly onto the substrate without the seed layer, the maximum thickness of the film that was formed without cracks appearing was only 1.2 m, as shown in Fig. 2(d) . This film also had a columnar structure; however, as indicated by the XRD pattern [ Fig.  1(c) ], it had a (111) orientation, following the crystallographic direction of the (111) Pt.
The maximum thickness of the crack-free PZT film deposited over the seed layer was about three times higher than that of the directly deposited film without the seed layer. Differences in the thermal expansions and elastic moduli of the films depending on the crystallographic orientation were attributed to this improvement. Reduction in grain size of the film is another possible factor. The fracture strength of a material is inversely proportional to its grain size. When the thicknesses of (100) and (111) film were in the similar range, the grain size of the (100) oriented film was smaller than that of the (111) oriented film by more than a factor of 2, [Figs. 2(b) and 2(d) ]. It is reasonable that the film with higher fracture strength has superior capability to withstand the residual stress developed during cooling after annealing. Figure 3 shows the P-E curves of the (111) and (100) oriented films measured at 100 Hz. The average remanent polarization P r ‫ס[‬ (P r + -P r − )/2] and coercive field E c ‫ס[‬ (E c + -E c − )/2] of the (100) film were 18.55 C/cm 2 and 32.05 kV/cm, respectively. In contrast, the P r and E c of the (111) film were 32.25 C/cm 2 and 36.7 kV/cm, respectively. It is well known that the ferroelectric properties of PZT films with (111) orientation are better than those of films with (100) direction in the rhombohedral region. 3, 4 Asymmetry in the coercive field was observed from both the films. The asymmetric behavior was attributed to the difference in interfaces induced by thermal process 12 and also to the tensile stress developed during cooling. (100) film. This increase is apparently due to a reduction in the substrate clamping effect with increasing film thickness. In other words, domain movement became less restricted as the film thickness increased.
IV. SUMMARY AND CONCLUSION
By using a combination of the sol-gel and sputtering methods, a thick and highly (100)-oriented PZT film was deposited on a platinized Si substrate. As a result of the (100) preferential growth, a 4 m-thick PZT film without cracks was fabricated. Typical ferroelectric behavior was observed for the (100)-oriented PZT film having a rhombohedral composition. The (100)-oriented PZT film had excellent piezoelectric properties. The effective d 33 value of the (100)-oriented film was 122 pC/N, while that of the (111) oriented film with comparable thickness was 54 pC/N. When the thickness of the (100) film was increased to 4 m, the effective d 33 value increased to 170 pC/N. The effect of this crystallographic direction control on the piezoelectric property of the PZT was well illustrated.
